INTRODUCTION
Neurodegenerative disorders are a complex group of diseases caused mainly by genetic factors leading to motor disturbance, cognitive loss and psychiatric manifestations. Several genes have reported involvement in the development of neurologic disorders in humans, mostly due to mutations. In many instances, the genetic causes may involve as yet unknown genes. Recent studies in humans have shown that mutations in the CA8 gene lead to mental retardation, ataxia and, in some instances, a quadrupedal gait (1, 2) . Similarly, a spontaneously occurring mutation in the Car8 gene in waddle (wdl) mice leads to ataxia and a lifelong gait disorder (3) . These studies demonstrate that novel genes with poorly characterized functions may be involved in the development of neurodegenerative disorders in humans.
The members of the mammalian a-carbonic anhydrase (a-CA) gene family are zinc-containing metalloenzymes that catalyze the reversible hydration of carbon dioxide (4 -6) . There are typically 16 isoforms in a-CA gene family in most mammals, of which 13 isozymes (CA I, II, III, IV, VA, VB, VI, VII, IX, XII, XIII, XIV and XV) are catalytically active. Three of the isoforms, namely, carbonic anhydrase-related proteins (CARPs) VIII, X and XI, represent catalytically inactive isoforms due to the lack of one or more of the three histidine residues required for CA catalytic activity (7) .
Previous studies (8) , including our recent investigations (9) , showed predominant expression of all the CARPs in the brain. Expression analysis using both reverse transcriptasequantitative PCR (RT-qPCR) and immunohistochemistry showed that carbonic anhydrase-related protein VIII (CARP * To whom correspondence should be addressed. Tel: +358-503186251; Fax: +358-3-3641-482; Email: ashok.aspatwar@uta.fi # The Author 2012. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com VIII) is highly expressed in the Purkinje cells of the cerebellum, whereas CARP X and XI show a more widespread distribution throughout the central nervous system (CNS). Although the wide distribution patterns suggest important roles for CARPs in the CNS, their precise functions are still unclear.
Phylogenetic analysis revealed that a highly conserved ortholog of human CARP VIII is present in zebrafish, with 79% protein sequence identity compared with human CARP VIII (9, 10) . Expression analysis showed that the CA8 gene is expressed in both the zebrafish larvae and adult fish. This prompted us to use zebrafish as a model organism to knockdown the CA8 gene to study the role of CARP VIII during embryonic development.
Many of the genes involved in neurodegenerative disorders play important roles in brain development during embryogenesis. Although the structure of the brain exhibits considerable differences among the vertebrate species, the molecular basis of brain development is relatively conserved (11) . The zebrafish has recently emerged as an attractive model organism for studying vertebrate development, as it uniquely combines the advantages of genetic tractability with biologic relevance (12, 13) .
Thus far, there are neither studies on the role of CARP VIII during embryonic development in vertebrates, nor are there any targeted gene knockout or knockdown studies on CARP VIII to evaluate its function. Here, we investigate the role of CARP VIII in the zebrafish model during embryogenesis.
RESULTS

Bioinformatic analysis of zebrafish CARP VIII suggests an interaction with inositol 1,4,5-trisphosphate receptor type 1 (ITPR1)
Similar to mice and humans, zebrafish have an ortholog of the CA8 gene, as reported previously (9) . We obtained the zebrafish CA8 transcript and protein sequences from Ensembl (transcript ID: ENSDART00000057098, protein ID: ENSDARP00000057097). The zebrafish transcript is encoded by a 23.49 kb gene located on the forward strand of chromosome 2. The gene contains 9 exons that code for 281 amino acids, whereas the mouse and human transcripts are encoded by genes of more than 90 kb in length, which are located on the reverse strand of chromosomes 4 and 8, respectively. A major portion of exon 1, a small part of exon 8, and all of exon 9 are non-coding, similar to mouse and human transcripts (Fig. 1A) . The organization of coding exons in CA8 of zebrafish is the same as in all orthologs we have studied. Figure 1B shows a representation of aligned protein sequences, which highlights the fact that all exon boundaries in CA8 have been maintained in the same locations through deuterostome evolution.
Comparisons of the deduced amino acid sequence of the zebrafish CARP VIII (Ensembl protein ID: ENSDARP 00000057097) with the human and mouse CARP VIII sequences displayed a 79% overall amino acid identity, and the amino acid identity within the CA domain (amino acids 40-290 in the human sequence) was 84% ( Fig. 2A) . The deduced amino acid sequence of zebrafish CARP VIII is slightly shorter (281 amino acids) than the mouse and human CARP VIII proteins (291 and 290 amino acids, respectively). The difference is mainly due to the absence of seven glutamic acid (E) residues at the N-terminus of zebrafish CARP VIII.
Sequencing of the CA8 cDNA revealed nucleotide variations at three places, but the amino acid sequence deduced from the nucleotide sequence did not show any change in the amino acid sequence, when compared with the sequence from the database (Supplementary Material, Figure S1 ).
The high degree of homology between the CARP VIII sequences suggests a conserved and essential function. CARP VIII interacts with the inositol 1,4,5-trisphosphate receptor type 1 (ITPR1), an ion channel protein that regulates internal Ca 2+ ion release (14) . A schematic of the primary structure of ITPR1 is shown in Supplementary Material, Figure S2 . It contains major domains for binding calmodulin and inositol trisphosphate (IP3), a channel domain and a modulatory domain. Deletion mutants have been used to map the binding of CARP VIII to the region of amino acids 1387-1647 within the modulatory domain (14) . The binding of CARP VIII to ITPR1 is believed to reduce the sensitivity of ITPR1 to inositol trisphosphate (IP3) and control the release of Ca
2+
ions from the internal stores of the endoplasmic reticulum (15) . Deletion mutagenesis experiments in a yeast two-hybrid system showed that almost the entire CA domain of CARP VIII is required for ITPR1 binding. Only one of the truncated constructs, which was missing the first 44 residues, showed binding, and even then, the reaction was slower (14) .
To assess the functional association between ITPR1 and CARP VIII throughout the vertebrate evolution, we performed two coevolution analyses of genes coding for CARP VIII and ITPR1 in 31 species. In one analysis, the ITPR1 sequences included the 6 fish orthologs for itpr1a of Danio rerio together with 25 tetrapod sequences. In another analysis, the six fish orthologs for itpr1b of D. rerio were used instead. All ITPR1 sequences were restricted to the region of approximately 270 amino acids corresponding to the CARP VIII binding region in ITPR1 (14) . Our results from the itpr1a orthologs show that the two protein sequences have several coevolving sites that are significant (chi-squared test, P , 0.001). The analysis with the fish itpr1b orthologs also suggested coevolution, but with a lower P-value (P , 0.05). This indicates that the gene product of itpr1a is more likely to have retained the interaction with CARP VIII in fish.
When the results of the coevolution analyses are projected on the 3D structure of human CARP VIII, we can observe a cluster of surface residues in which variations correlate strongly with variations in ITPR1 binding (Fig. 2B) . Within residues 150-157, five residues show correlation coefficients of 0.95 or higher. They are localized in a single loop region, and both known human disease-causing CA8 mutations are near this region. The G162R mutation (1) is found in the end of this loop. Any non-glycine residue in this position would cause a large change in the conformation and/or localization of the loop. Regarding this location, the researchers who first reported this location actually depicted G193 instead of G162 in their figure (1) . The mutation S100P (2) is in the adjacent loop (Fig. 2B ). This mutation is likely to change the conformation of the entire loop 100-109, which would also interfere with the loop 147-162.
418
Human Molecular Genetics, 2013, Vol. 22, No. 3
The coevolution results and the examination of mutation sites lead us to suggest that the region that contains residues 150-157 interacts with ITPR1. The coevolving and possibly interacting residues in ITPR1 are 15 residues in the range 1437-1630 (numbering by human ITPR1, isoform 1).
Zebrafish CA8 is strongly expressed in the nervous system
To confirm the presence of the CA8 gene in zebrafish, we first designed primers to amplify genomic DNA (Table 1) and performed PCR analysis of genomic DNA from six different AB strains of zebrafish. We analyzed the expression of the CA8 gene from total mRNA of 0 day post fertilization (dpf) to 5 dpf larvae and confirmed the presence of CA8 gene in all developing larvae (Fig. 3A) .
Next, we studied the expression pattern of CA8 mRNA in 12 different tissues of adult zebrafish by RT-qPCR. CA8 mRNA was expressed in almost all of the tissues analyzed (Fig. 3B) . The expression was high in the brain, heart, kidney, eye and skin. Low levels of expression were observed in the male and female gonads, bowel, liver and gills, and very low levels were seen in the muscle. The expression studies using polyclonal antibodies against human CARP VIII showed strong expression of CARP VIII protein in the Purkinje cells of the zebrafish cerebellum but failed to detect any expression in the cerebrum ( Fig. 3C and E) .
Zebrafish CA8 mRNA is expressed during early development
To knockdown the CA8 gene using antisense morpholino oligonucleotides (MOs), we first checked the expression pattern of the CA8 gene in 1 -5 dpf larvae. After isolating total mRNA, we pooled the RNA at each time point from 
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1 -5 dpf of zebrafish larvae. Next, we performed reverse transcriptase-PCR (RT-PCR) to synthesize the cDNA using the primers designed based on the D. rerio ortholog found in the Ensembl database, targeting a 100 bp region of CA8 gene ( Table 1 ). The expression of CA8 mRNA was observed in all five time points in 1-5 dpf larvae (Fig. 3A) .
To determine if the CA8 gene product is required for embryonic development, we first checked its mRNA expression during development. The relative expression levels of CA8 mRNA from 0 h post fertilization (hpf) to 168 hpf are shown in Supplementary Material, Figure S3A . The high level of CA8 mRNA at 0 hpf suggested that it is important during early development and that the CA8 transcript is of maternal origin. The expression of CA8 mRNA throughout the analysis suggests that the CA8 gene is required for embryonic development in zebrafish.
Developmental expression of itpr1a mRNA is similar to CA8 mRNA expression Based on the expression analysis of CA8 mRNA using RT-qPCR, CA8 mRNA was of maternal origin and was present in zebrafish larvae at the beginning of development. It has been suggested that CARP VIII interacts with ITPR1 and functions as a cytosolic calcium signaling modulator by reducing the sensitivity of IP3 to ITPR1 (15) . If this function is relevant during embryogenesis, we hypothesized that ITPR1 should also be expressed early in development, similar to CA8 mRNA. Out of the two ITPR1 paralogs, itpr1a and itpr1b, our coevolution analyses suggested that the itpr1a gene product is more likely to interact with CARP VIII. We, therefore, analyzed the expression of itpr1a mRNA at different time points during early embryonic development. After isolating total mRNA, we synthesized cDNA and then analyzed the expression of itpr1a mRNA using RT-qPCR with primers designed according to the zebrafish sequence ENSDART00000149019 from the Ensembl database.
The relative expression pattern of itpr1a mRNA from 0 hpf to 168 hpf is shown in Supplementary Material, Figure S3B . A high level of itpr1a mRNA at 0 hpf suggested that itpr1a mRNA is of maternal origin, similar to CA8 mRNA, and it is most likely required during embryonic development along with CA8. As shown in Supplementary Material, Figure S3A and B, both itpr1a and CA8 mRNA levels show parallel changes during the initial phase of zebrafish embryogenesis, perhaps due to a functional interplay between these proteins in the developmental processes.
Knockdown of CA8 causes developmental defects in zebrafish larvae
Gene-specific antisense MOs have been widely used to suppress the expression of genes in zebrafish larvae. We designed two MOs (MO1 and MO2) (see 'Materials and Methods'), MO1 was expected to block the translation of the CA8 gene and MO2 was designed to block the splice junction at intron 3 and exon 4, as shown in Figure 4A . The CA8 antisense MO1 targets a sequence that includes the ATG start codon (from 215 to +10 relative to ATG) that inhibits the translation of CA8 mRNA. The MO2 targets exon 4 resulting in 
expression of shorter length CA8 gene. These antisense MOs were used to analyze the role of CA8 in zebrafish embryonic development. Uninjected larvae and those injected with random control (RC) morpholinos were used as controls for the phenotypic analysis of 1 -5 dpf larvae. We used western blot analysis to determine the expression of CARP VIII and RT-PCR analysis of CA8 mRNA to ensure the effectiveness of the CA8 antisense MO1 and MO2. As shown in the Figure 4B and C, western blotting of the 3 dpf uninjected (wild type) zebrafish lysates using polyclonal antibodies raised against 100 amino acids of the Nterminal domain of human CARP VIII detected a 32 kDa band. In contrast, lysates from the larvae injected with 125 mM CA8-MO1 did not show any band after 3 dpf (Fig. 4B ). After 5 dpf, the lysates from larvae injected with 125 mM CA8-MO1 showed a lower intensity 32 kDa band, when compared with the wild-type embryo lysates (Fig. 4C ). This indicates that the CA8 antisense MO1 suppresses CARP VIII expression in 3 dpf zebrafish larvae. Similarly, analysis of mRNA from 5 dpf morphant embryos injected 
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with 250 mM CA8-MO2 showed a shorter length mRNA as a lower intensity band in addition to normal length mRNA, suggesting a partial knockdown of CA8 with MO2, as shown in Figure 4D . Larvae injected with 125 mM CA8-MO1 showed abnormal changes in the head as early as 9 hpf (data not shown). The 1 dpf zebrafish larvae injected with 125 mM CA8-MO1 showed defects in the head with a fragile and more easily breakable body, curved tail, small eye size and pericardial edema (Fig. 5A ). As development progressed, the abnormalities became more prominent; shortened tail, curved body axis, absence of swim bladder and otolith vesicles were observed, when compared with the control larvae (Fig. 5A) . Interestingly, embryos injected with MO2 showed a less severe phenotype, when compared to the phenotype produced by MO1 (Fig. 4B) . In dose-response analysis with the CA8-MO1, larvae showed no apparent phenotypic changes at low concentrations of CA8-MO1, whereas the increased concentrations of CA8-MO1 led to severe phenotypic defects with increased mortality (Supplementary Material, Figure S2A -G, and Table 2 ). The injection of 2 mM CA8-MO1 per embryo did not produce any visible defects or changes in the mortality rate, when compared with the uninjected controls (Supplementary Material, Figure S4B , Table 2 ); however, the swimming pattern was abnormal, suggesting that 2 mM CA8-MO1 is the minimum dose required to produce the knockdown effect of CA8 (Supplementary Material, Movie S2). The next higher concentration examined was 6 mM CA8-MO1, which showed a slightly visible functional defect during swimming (Supplementary Material, Figure S4C and S5B) and a mortality rate of 10.6% ( Fig. 5C and Table 2 ). The larvae injected with concentrations of 10 mM, 75 mM, 125 mM, 250 mM and 500 mM CA8-MO1 showed moderate to severe phenotypic defects, and the mortality rate increased in larvae injected with 75 mM or higher CA8-MO1 (Fig. 5C , Table 2 ). There was no difference between the phenotype defects or mortality rates of larvae injected with CA8-MO1 alone or together with p53-MOs ( Fig. 5C and Table 2 ). The western blot results ( Fig. 4B and C) suggested that the concentration required for the complete knockdown of CA8 gene was 125 mM, at which level the morphant larvae showed severe phenotypic defects. Therefore, 125 mM MO1 was the optimal effective concentration used for the most of the experiments in this study. However, the phenotype of 5 dpf larvae injected with 125 mM concentration of MO2 was similar to the phenotype of 6 mM MO1-injected larvae and showed an abnormal swim pattern (Supplementary Material, Movie S5).
CA8 morphant zebrafish have increased neuronal cell death in the cerebellum
Expression analyses of the CA8 gene in zebrafish tissues showed a widespread distribution of CA8 mRNA (Fig. 3B) . The highest expression was observed in the brain, with lower levels of expression in other organs, suggesting an important function in several tissues. We studied morphologic changes in larvae injected with 125 mM CA8-MO1 and compared the findings with control larvae injected with RC MOs and p53 MOs. We made semithin (10 mm) sections of 5 dpf control larvae and larvae injected with 125 mM CA8-MO1 and stained them with hematoxylin and eosin. The 125 mM CA8-MO1-injected larvae showed gross morphologic changes in the cerebellar region with a reduction in the size of the cerebellum (Fig. 6H) . Similarly, there was a clear difference between the somites of control larvae and those of the CA8-MO-injected morphant larvae. The CA8-MO1-injected zebrafish showed abnormal muscle development, when compared with the control zebrafish larvae (data not shown). The TdT-UTP nick end labeling (TUNEL) assay showed cells undergoing apoptosis in the head region and periphery of tail region in the larvae injected with 125 mM CA8-MO1, whereas there was no detectable signal for apoptosis in the wild-type larvae (Fig. 6A -D) .
After finding the morphologic changes in the cerebellum by histologic staining and light microscopy and cell death in the head region by the TUNEL assay, we analyzed the cerebellar region of the zebrafish injected with 125 mM CA8-MO1 using transmission electron microscopy to detect any ultrastructural changes occurring as a consequence of knockdown of the CA8 gene. The only significant change at the ultrastructural level was the increased neuronal cell death (the apoptotic changes included a condensed nucleus, fragmented mitochondrial profiles and debris of dead cells) that was observed in samples from the MO1-injected zebrafish, when compared with the Figure 5 . The CA8 gene product is essential for the normal embryogenesis of zebrafish. Developmental images are shown over the period of 0-5 dpf of zebrafish larvae injected with 125 mM translational blocking antisense morpholinos (MO1) for the CA8 gene when compared with normal (uninjected) larvae. (A) The top row of images show lateral views of 0 -5 dpf uninjected zebrafish larvae with the gradual, normal development of organs, the disappearance of yolk sac and the appearance of swim bladder at the end of 5 dpf. The bottom row of images show lateral views of CA8 morphants embryo from 0 to 5 dpf showing morphologic changes at 24 hpf with abnormal shaped head, tail and yolk sac and the beginning of dilation of the pericardium. (B) The 5 dpf larvae injected with 250 mM of CA8-MO2 (splice site blocking) showing a defective phenotype. (C) The percent mortality in CA8 morphant larvae at 24 hpf. The histogram shows the percentage of dead larvae in each group injected with different concentrations of CA8-MO1 when compared with the RC-injected and uninjected zebrafish larvae. The mortality rate was significantly higher (P , 0.001) in the larvae injected with greater than 10 mM CA8-MO1. There was no difference in mortality rates of the larvae injected with p53-MOs along with CA8-MOs and larvae injected with CA8-MO1 alone.
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wild-type larvae ( Fig. 6E and F) . There was no difference between the morphant larvae injected with CA8-MO1s alone or in combination with p53-MOs.
CA8 morphant zebrafish larvae have altered movement patterns
Because of the ataxia and lifelong gait disorder in wdl mice and ataxia and quadrupedal gait in human patients (1-3) due to spontaneously occurring mutations in the CA8 gene, we analyzed whether the CA8 knockdown changed the swimming behavior of 5 dpf zebrafish larvae. We compared spontaneous swimming behavior of 5 dpf control larvae (uninjected), larvae injected with RC morpholinos and larvae injected with different concentrations of antisense CA8-MO1. We expected that the larvae with body and tail abnormalities, induced by CA8 antisense morpholinos with concentrations above 6 mM, would show abnormal swimming behavior. To test this hypothesis, we injected the larvae with minimum concentrations of 2 and 6 mM CA8-MO1. With these concentrations, the 5 dpf larvae showed normal body and tail development, similar to RC-injected and uninjected larvae (Supplementary Material, Figure S4A , B, and C). For each experiment, five different groups (uninjected and injected with CA8-MO1 concentrations of 2 mM, 6 mM, 10 and 100 mM) were analyzed for movement patterns.
We tracked the movement patterns of the 5 dpf larvae under the microscope in a 35 mm × 15 mm transparent polypropylene Petri dish filled with embryo medium containing a minimum of five zebrafish larvae. After placing the Petri dish under the microscope (Carl Zeiss Lumar V.12MicroIma-ging GmbH and software AxioVision versions 4.7 and 4.8.), the larvae were allowed to settle for at least 2 min, and the movement of larvae was observed for 10 min to trace the pattern of movement (shown schematically in Fig. 7A ). The percentage of movement in CA8-MO1-injected larvae when compared with the control larvae was analyzed for each group (Fig. 7B) . A 30 s movie of the movement patterns was also recorded and can be seen in Supplementary data (Supplementary Material, Movies S1-S4). The larvae injected with 2 mM CA8-MO1 had a slightly abnormal pattern of swimming, when compared with the wild-type larvae. When compared with the uninjected larvae, larvae injected with 6 mM concentrations of CA8-MO1s moved considerably slower, showed an increased turning angle and mostly swam along the periphery of the Petri dish. Additionally, the larvae injected with 6 mM CA8-MO1s showed a pronounced difficulty in balancing the body while swimming, when compared with the wild-type larvae (Supplementary Material, Figure S5A and B and Movies S1 and S2). Moreover, the larvae injected with 10 mM CA8-MO1s had severely restricted movement and showed occasional displacement at the corners of the Petri dish with great difficulty in balancing themselves (Supplementary Material, Figure S4 right and Movie S4). The larvae injected with 125 mM CA8-MO1s, which had severe phenotypic defects, exhibited occasional sideways turning and did not show any displacement. The larvae injected with 125 mM CA8-MO2, which had phenotypically normal appearance of the body, showed an abnormal swim pattern similar to the 6 mM CA8-MO1-injected larvae (Supplementary Material, Movie S5).
DISCUSSION
Here, we show that the knockdown of the CA8 gene, which is responsible for ataxia, gait disorder and mental retardation in human patients and mice, results in an abnormal movement pattern in zebrafish, mimicking the movement disorder in humans and mice. Our observations suggest that the suppression of CA8 expression is responsible for the abnormal movement pattern in zebrafish larvae: (i) injection of CA8 antisense MO1s at 2 mM concentration shows abnormal movement without any morphologic phenotypic defects, (ii) RC MOs do not show any change in the behavior or morphology even at very high (125 mM) concentrations and (iii) the abnormal movement and structural changes in the larvae were dependent on the concentration of the CA8-antisense morpholinos injected.
Evolutionarily conserved genes generally have important biologic functions, manifested through high selection pressure. The high conservation of CARP VIII across the species, exceeding even the conservation of enzymatically active CAs, and the very specific expression pattern in the brain The phenotypic data were obtained from total of 3 a , 10 b and 2 c independent sets of morpholino injections with a minimum of 50 zebrafish larvae per group. The total number of larvae examined for each phenotypic class is shown as percentage of total number of larvae studied for each concentration of morpholinos. RC morpholino injections were made with either RC-MO alone or RC-MOs together with p53 MOs (one-and-a-half times the RC-MO concentration). Larvae injected with 2 mM concentrations of MOs had a phenotype similar to uninjected larvae but showed abnormal swim patterns (Supplementary Material, Figure S2 , and Movie S2). 
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indicate that CARP VIII has a very important biologic function (9) . CARP VIII is an enzymatically inactive member of a-CA gene family, similar to CARP X and CARP XI, and its exact physiologic role is only starting to emerge. Previous reports suggest that CARP VIII is abundantly expressed in human and mouse brain, especially in cerebellar Purkinje cells, and it controls intracellular calcium signaling by binding to ITPR1 (14) . A report on wdl mice, which have a 19 bp deletion in the Car8 gene, demonstrated clear ataxia and dystonia with a lifelong gait disorder (3). Recent studies have also shown that spontaneously occurring mutations in the CA8 gene lead to similar defects in coordination and mental retardation in human patients (1, 2) . Apart from these reports, there are neither studies on the role of CARP VIII, nor do any knockout or knockdown vertebrate models exist for studying its physiologic role in the embryonic development of vertebrates.
The objective of this study was to determine in a zebrafish knockdown model whether the CA8 gene product is required for normal embryonic development, especially in brain development. We focused on the developmental and behavioral consequences of the knockdown of the CA8 gene and on brain ultrastructure in the embryonic development of zebrafish.
The RT-qPCR analysis of the relative expression of CA8 mRNA in 0 hpf -168 hpf showed the expression pattern throughout the developmental period, with peaks at 0, 24 and 120 hpf. The presence of a high level of maternal CA8 mRNA at 0 hpf shows that it is required early in embryonic development.
In a previous mouse study (16) , the expression of Car8 mRNA was determined by in situ hybridization during embryonic development. At 9.5 days of gestation, Car8 mRNA is expressed in a variety of organs, such as liver, bronchial arches, neuroepithelium and developing myocardium. As development progressed, the expression became restricted to brain, liver, lung, heart, gut, thymus and the epithelium covering the head and the oronasal cavity. Unfortunately, there were no results prior to 9.5 days of gestation. In another mouse study (15) , the expression was analyzed in different tissues at four different gestational days by RT-PCR and northern Figure 7 . Swim patterns of control and CA8 morphant larvae. The trajectories of the 5 dpf larvae injected with different concentrations of CA8-MO1 when compared with uninjected 5 dpf larvae. Zebrafish larvae at 5 dpf show a concentration-dependent increase in abnormal swimming patterns when compared with the uninjected 5 dpf larvae. The swimming trajectories of a minimum of five larvae were observed for 10 min in a 15 × 30 mm sterile petri dish in embryo medium under a Zeiss microscope. The larvae were initially allowed to rest for 2 min after the transfer of larvae to the petri dish and the swim pattern was studied for 10 min. The comparison of swimming trajectories of uninjected larvae with larvae injected with different concentration of CA8-MO1 (A). The displacement of the larvae was traced for 10 min using Zeiss microscope. The percent displacement of the morphant larvae injected with different concentrations of CA8-MOs compared with uninjected larvae (B). Half-minute sample movies of swim patterns of uninjected larvae and those injected with three different concentrations of CA8 antisense MOs (2, 6 and 10 mM) can be seen in additional Supplementary movie files.
blot analysis (7-17 days after fertilization). Expression of Car8 mRNA was found at 11 days of gestation by RT-PCR but only at 15 days of gestation by northern blot analysis. The developmental expression analysis in human brain suggested that the CA8 gene and CARP VIII protein are expressed at 84 days of gestation in the brain with discrepant findings between the results of northern blot and immunohistochemical analysis (8) . CA8/Car8 expression during development would need to be reinvestigated in a mammalian model by a more sensitive method, such as RT-qPCR.
Similar to our previous study on the expression of Car8 mRNA in a panel of mouse tissues, we analyzed the expression pattern of CA8 mRNA by RT-qPCR in 12 different zebrafish tissues. The expression analysis showed predominant expression of CA8 mRNA in the brain (Fig. 3B ) similar to the mouse Car8 and human CA8 expression patterns. This expression pattern suggests that it is required in the early development and function in the zebrafish brain. High expression levels were also found in zebrafish kidneys, heart, eyes, tail and skin. Low expression levels were observed in male and female gonads, liver, gills and bowel, and a weak signal was found in the muscle in this study. The expression patterns of CA8 in these other tissues were different from mouse, with a high level of expression in kidneys, eyes and heart and male and female gonads in the zebrafish; we have currently no explanation for this unique pattern of expression in zebrafish. Similar to the predominant expression of the CARP VIII protein in cerebellar Purkinje cells in human and mice by immunohistochemistry (8,9), our immunohistochemistry results showed an intense signal for the CARP VIII protein in Purkinje cells of cerebellum. This localization agrees with the motor coordination defects observed in the phenotypes, both in our study and in previous examples from mice and men (1 -3) .
The zebrafish CARP VIII protein has an unusually high level of sequence identity with human CARP VIII (10), yet the functional significance of CARP VIII in vertebrate development is not known. We hypothesized that zebrafish CARP VIII might play a critical role during embryogenesis because (i) CARP VIII is highly conserved, (ii) it is expressed within the Purkinje cells of cerebellum similar to humans and mice and (iii) a high amount of its mRNA of maternal origin is present during the earliest stages of embryogenesis. Therefore, we further hypothesized that knockdown of the CA8 gene using antisense morpholinos might result in an abnormal phenotype in zebrafish larvae.
We knocked the CA8 gene down by injection of translationblocking and splice site-blocking antisense MOs at the 1 -2 cell stage in zebrafish larvae. The larvae revealed phenotypes from very mild (without apparent morphologic defects with 2 mM CA8-MO1) to a severe phenotype (500 mM CA8-MO1) with morphologic defects such as a short curved tail, abnormal head shape, small eyes, pericardial edema, abnormal otolith sacs, absence of swim bladder, fragile body and defects in somites. The abnormal head shape was observed as early as 9 hpf during development (data not shown). The specificity of the CA8-MOs was indirectly confirmed by repeatedly reproducible phenotypes obtained by injection of translationblocking and splice site-blocking morpholinos specific for CA8 gene. The specificity of the knockdown effect by CA8-MOs was further confirmed by western blotting with polyclonal antibodies against the CARP VIII protein and analysis of mRNA length from CA8-MO2 morphant embryos.
The possible off-target effects due to antisense MOs were excluded by injecting RC morpholinos that produced normal larvae, similar to uninjected ones, which again supported the specificity of CA8-MOs. The off-target effects of antisense morpholinos occasionally lead to apoptosis. To suppress the possible off-target effects of CA8-MOs, if any, we also injected p53-MOs, which excluded the disruption of myotomes and pericardial edema as non-specific effects of morpholino studies (17) .
The specificity of the morpholinos was confirmed by western blotting of lysates from 3 dpf larvae injected with 125 mM CA8-MO1s and the analysis of mRNA length from MO2 morphant larvae. Although these samples showed no 32 kDa polypeptide band corresponding to CARP VIII, the analysis of lysates after 5 dpf (injected with 125 mM MOs) showed a faint band at 32 kDa, suggesting that the effect of CA8-MO1 was diminishing. However, the presence of CARP VIII protein after 5 dpf did not rescue the phenotypic defects that occurred early in the development. In a previous study, knockdown of the huntingtin protein produced defective phenotypes in 3 dpf larvae, but contrary to our results with CARP VIII, the huntingtin phenotypes were reversed after 5 dpf when the MOs could no longer completely suppress the translation (18) .
Our study suggests that CARP VIII protein is required for normal development during early embryogenesis and that changes occurring early in development resulting from insufficient CARP VIII protein are not reversible, even if the protein reappears later in the development.
CARP VIII is known to interact with ITPR1 and to modulate the calcium ion release from intracellular reserves. Both CARP VIII and ITPR1 are expressed abundantly in the Purkinje cells of mice cerebellum (14) . Because the ITPR1 gene has been duplicated during the evolution of fish, we performed a coevolution test (analysis of correlated mutations in two genes) to evaluate which of the fish orthologs would more likely have retained the interaction with CARP VIII. We analyzed the correlations in sequence variation between the CA8 and ITPR1 gene products in 31 vertebrate species, using either itpr1a or itpr1b sequences from six fish species in two parallel analyses. The correlations were stronger for itpr1a, which indicates that itpr1a is more likely to have coevolved with CA8 in fishes. Coevolution means that changes in one gene product are reflected as changes in the other to retain a functional interaction; therefore, we suggest that itpr1a is the main binding partner of CARP VIII in fishes, whereas the itpr1b gene product diverges to perform other functions.
We studied the coevolution of residues in CARP VIII in the 3D structure and noticed a cluster of residues (150 -157) in the vicinity of the known human disease-causing variation sites. We suggest that the binding site to ITPR1 would be at or near this region. The coevolution analysis also narrows down our estimate of the CARP VIII binding region in ITPR1 to amino acids 1437 to 1630 in human isoform 1, corresponding to 1451 to 1644 in mouse isoform 1.
We measured itpr1a mRNA levels during zebrafish embryonic development from 0 hpf to 168 hpf. Our results show that the temporal expression pattern of itpr1a is very similar to that of CA8, which further supports their functional association.
The phenotype in the morphant larvae is most likely due to the improper modulation of ITPR1 function for calcium signaling in the brain in the absence of CARP VIII. It has been hypothesized that the binding of CARP VIII to ITPR1 in the regulatory region (Supplementary Material, Figure S2 ) reduces the sensitivity of IP3 to its receptor ITPR1, and hence, the controlled calcium release from intracellular reserves. In the absence of CARP VIII, the sensitivity of ITPR1 to IP3 increases and excessive calcium is released from intracellular reserves (15, 19) .
The ataxia and mental retardation observed in human patients with CA8 variations are also likely due to disruption of the ITPR1 interaction. Interestingly, mutations in ITPR1 lead to ataxia in mice, and mutations in ITPR1 have been identified in spinocerebellar ataxia 15 in humans (20, 21) . Thus, the involvement of CA8 should be considered in the diagnosis of unknown forms of ataxia and mental retardation in humans.
Because many CAs facilitate ion transport and bind to ion transporters (22) and CARP VIII is involved in ion channel regulation, we have arrived at a hypothesis for the unknown functions of other highly conserved CARPs. We propose that CARP X and CARP XI would be modulators of ion transport similar to CARP VIII. Our search for CARP X targets is underway.
Studies on the cerebellum in wdl mice, with a 19 bp deletion in Car8 gene, suggest a critical role for CARP VIII in synaptogenesis and/or maintenance of proper synaptic morphology and function in the cerebellum (20) . Previous reports on a CA8 mutation in members of an Iraqi family did not provide any data on possible morphologic changes of the cerebellum (2). However, another report on a human CA8 mutation revealed a significant loss in the volume of cerebellum proportional to the age of the patients with ataxia and mental retardation (1) .
In this zebrafish study, we noted obvious external malformations and a lack of proper head development at the time point of neuronal differentiation (1 dpf). In addition, we detected increased neuronal apoptosis in the cerebellum of the 5 dpf CA8 knockdown larvae. Histologic examination of semithin sections of the 5 dpf larvae revealed gross morphologic change in the cerebellar region with a reduction in the size of cerebellum in the brain and alterations in somite structures and muscle fibers. Moreover, electron microscopy studies showed increased neuronal cell death in the cerebellum in 5 dpf zebrafish larvae, mimicking the phenotype found in human patients.
We showed that the phenotypic changes became more prominent as the concentration of CA8 antisense MOs was increased. Our data also indicate that the loss of the CA8 gene leads to a swim pattern abnormality similar to the ataxia and gait disorder in wdl mice and ataxia in human patients with CA8 mutations (1 -3) . The severe phenotype observed with the 125 mM concentration of CA8-MO1 is because this concentration of MOs targets both zygotic and maternal CA8 mRNA and completely suppresses CA8 mRNA in zebrafish larvae. The zebrafish knockdown model with a high concentration of MOs resembles a null mutant phenotype, in contrast to the mutations found in the two reports of human disease-causing CA8 mutations (1,2) It remains to be seen if more severe mutations in CA8 in humans lead to viable individuals. By allowing partial knockdown with lower concentrations of MOs, the model presented in this study helps us to understand the phenotypic spectrum we may see in human patients with defects in the CA8 gene.
In summary, we describe a zebrafish model with an abnormal movement pattern resulting from the knockdown of the CA8 gene. This is similar to defects in CARP VIII, which lead to ataxia, mental retardation and quadrupedal gait in human patients and ataxia and lifelong gait disorder in wdl mice. In addition, we provide evidence that the CA8 gene product is indispensable in early embryonic development in zebrafish, particularly in the brain and eye. Our study also suggests that this phenomenon is conserved across vertebrate species. This novel zebrafish model is available for further investigations of the mechanisms of CARP VIII-related ataxia and mental retardation in humans.
MATERIALS AND METHODS
Bioinformatic analysis of the CA8 gene and CARP VIII protein
The zebrafish (ID: ENSDARP00000057097), mouse (ID: ENSMUSP00000095891) and human (ENSP00000314407) CARP VIII protein sequences were obtained from the Ensembl database. Multiple sequence alignments and the counting of percent identity of amino acids were conducted for all the three CARP VIII sequences using the ClustalW program CA8 transcripts for zebrafish (ID: ENSDART00000057098), mouse (ID: ENSMUST00000098290) and human (transcript ID: ENST00000317995) were from Ensembl, and the organization of the exon structure and comparative analysis of all the three transcripts was performed.
Coevolution analysis
The vertebrate ortholog protein sequences of human CARP VIII and ITPR1 proteins were obtained from Ensembl. The ITPR1 sequences were edited to contain only the region mapped for CARP VIII binding (12) , plus four residues on the N-terminal and seven residues on the C-terminal side (corresponding to 1368 -1649 in human ITPR1 isoform 1). Likewise, the CARP VIII sequences were shortened to the minimal ITPR1-binding fragment 45-291 (human numbering). Only complete sequences were retained, and the sequence sets were reduced so that we had an identical list of species for both proteins. The CARP VIII alignment consisted of 31 sequences, whereas the ITPR1 alignment included 37 sequences, due to an early duplication in the fish lineages, which has led to two paralogs for ITPR1 genes in fish genomes. A phylogenetic tree was reconstructed using the CARP VIII alignment with the neighbor-joining method, rooting by using the fish sequences as the outgroup.
Two alignments were built from the ITPR1 sequences so that the 25 tetrapod species were present in both, whereas the 12 sequences from 6 fish species were divided. The orthologs of D. rerio itpr1a were included in one alignment ('clade1') and the orthologs of itpr1b in another alignment
('clade2'). The two alignments of ITPR1 from the 31 species were analyzed separately for coevolution with the CARP VIII sequences. The CAPS program (21) (PMID: 17 005 535) was used with the sequence alignments and the phylogenetic tree to identify the likelihood of coevolution between sites of CARP VIII and ITPR1 proteins.
Zebrafish husbandry for experiments
Wild-type zebrafish of the AB strain were maintained at 28.58C under standard conditions (23) . Larvae were collected from the breeder tanks with a sieve, rinsed with embryonic medium (Sarsted, Nümbrecht, Germany) and placed into Petri dishes (24) . The larvae were kept in Petri dishes in embryonic medium supplemented with 1-phenyl 2-thiourea (Sigma-Aldrich) at 28.58C until they were used in experiments. The maximum number of larvae on a 9 cm diameter Petri dish was 50. The embryonic medium contained 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM MgSO 4 and 10-15% Methylene Blue (Sigma-Aldrich). The embryonic medium in Petri dishes was replaced every day with Pasteur pipette and larvae were kept at 28.58C.
RNA extraction
Total RNA was isolated from 0 to 168 hpf whole larvae at different stages of development and from different organs of the adult zebrafish. The samples used for mRNA isolation were stabilized in RNA later (Ambion, Austin, TX, USA) immediately following collection, and the total RNA was isolated from 30 mg sample using an RNAeasyw Mini kit (Qiagen, Hilden, Germany) by following the manufacturer's instructions. The concentration and purity of total RNA were determined using a Nanodrop Spectrophotometer at 260 and 280 nm.
Synthesis of cDNA, PCR amplification, cloning and sequencing
Total RNA was isolated from brain tissue using an RNAeasyw Lipid Tissue extraction kit from Qiagen according to the instructions. RT-PCR was performed using 0.1-5 mg of total RNA to synthesize the first strand of cDNA using a First Strand cDNA Synthesis kit (High-Capacity cDNA Reverse Transcription Kits, Applied Biosystems, Foster City, CA, USA) with random primers and M-MuLV reverse transcriptase according to the protocol recommended by the manufacturer.
PCR amplification was carried out using the forward and reverse primers designed for CA8 gene in Ensembl ( Table 1 ). The resulting PCR product was ligated into a plasmid vector (pcDNA3.1). The plasmid/CA8 construct was then transformed into One Shotw TOP10 competent cells (Invitrogen, Espoo, Finland), and the cells were plated on LB/ampicillin plates. The colonies were screened by colony PCR for the presence of the correct insert. DNA sequencing of four different clones was carried out. The sequences were aligned with ClustalW and compared with cDNA obtained from Ensembl (ENSDART00000057097) database (Supplementary Material, Figure S1 ).
Real-time quantitative PCR
RT-PCR was performed using 0.1 -5 mg of total RNA to synthesize the first strand cDNA using a First Strand cDNA Synthesis kit (High-Capacity cDNA Reverse Transcription Kits, Applied Biosystems, Foster City, CA, USA) with random primers and M-MuLV Reverse transcriptase according to the protocol recommended by the manufacturer. Real-time qPCR primers were designed based on the complete cDNA sequence taken from Ensembl (ENSDART00000057097), using the program Primer Expressw Software v2.0 (Applied Biosystems) ( Table 1) .
Real-time qPCR was performed using a SYBR Green PCR Master Mix Kit in an ABI PRISM 7000 Detection System TM , according to the manufacturer's instructions (Applied Biosystems). The PCR conditions consisted of an initial denaturation step at 958C for 10 min followed by 40 cycles at 958C for 15 s (denaturation) and 608C for 1 min (elongation). The data were analyzed using the ABI PRISM 7000 SDS TM software (Applied Biosystems). Each PCR reaction was performed in a total reaction volume of 15 ml containing 2 ml of first strand cDNA (20 ng cDNA), 1 × Power SYBR green PCR Master Mix TM (Applied Biosystems, Foster City, CA, USA) and 0.5 mM of each primer. The final results, expressed as the N-fold relative difference (ratio) in gene expression between the studied samples, internal control gene b-actin and the relative expressions were calculated according to Pfaffl's equation with appropriate modifications (25) .
Immunolocalization of the CARP VIII protein in the adult zebrafish brain
Wild-type adult zebrafish heads were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) and embedded in paraffin. Fluorescent immunohistochemistry was carried out on rehydrated sections (5 mm) of normal adult zebrafish heads. The specimens were rinsed with PBS and subjected to immunofluorescence staining that consisted of the following steps: (i) pretreatment with 0.1% BSA in PBS (BSA-PBS) for 30 min, (ii) incubation for 1 h with rabbit antihuman CARP VIII antibody (Santa Cruz Biotechnology, Inc., Bergheimer Heidelberg, Germany) (diluted 1:20) or normal rabbit serum (diluted 1:20) in 0.1% BSA-PBS, (iii) rinsing three times for 5 min with BSA-PBS, (iv) incubation for 1 h with 1:100 diluted Alexa Fluor 488 goat anti-rabbit IgG antibodies (Molecular Probes, Eugene, Oregon, USA) in 0.1% BSA-PBS and (v) rinsing twice for 5 min with BSA-PBS and once with PBS. Immunostained sections were then analyzed and photographed using a Zeiss LSM 700 Confocal laser scanning microscope.
Analysis of genomic DNA from adult zebrafish and expression of CA8 in 1 -5 dpf larvae Before designing antisense MOs for translation and splice site blocking of CA8 mRNA, we checked the expression pattern during developmental stages 1 -5 dpf in the larvae for the knockdown study. Total RNA from 1 to 5 dpf larvae was used to synthesize the first-strand cDNA using reverse transcriptase (Superscript II kit; Invitrogen). The resulting cDNA was then amplified using primers for a 100 bp region of CA8 cDNA (Table 1) . To check for possible polymorphisms at the morpholino target sequence in AB strain of zebrafish in our laboratory (Table 1) , we amplified PCR products for the target region and sequenced the PCR product from the six different zebrafish individuals.
Morpholino injections
Two independent (one translation blocking and second splice junction blocking) antisense MOs (GeneTools LLC, Philomath, OR, USA) were designed by GeneTools to target the CA8 translation initiation site. The random MOs that were used as a control and p53-MOs used to suppress the expression of p53 mRNA were also obtained from Gene Tools ( Table 1) . The supplied MOs were resuspended in sterile water at a 1 mM stock concentration. Immediately prior to injection, the CA8-MOs were diluted to the intended concentration (500, 250, 125, 75, 10, 6 and 2 mM), and 1% phenol red (Sigma, Poole, UK) was added to the solution to monitor injection efficiency. We injected 1 nl of antisense MOs into the yolk of one-to two-cell stage larvae. When p53-MOs were included for injections, the concentration of p53-MOs was one-and-a-half times the concentration of antisense CA8-MOs.
Western blotting and mRNA analysis of CA8-MO-injected zebrafish larvae For immunoblotting, 3 dpf wild-type and CA8 antisense-MO-injected larvae were homogenized with a hand-held pestle in a microcentrifuge tube in 50 ml of lysis buffer (50 mM Tris -HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% NP40) on ice. The lysate was centrifuged at 10 000g for 5 min, 10 ml of the lysate was used per lane on a 10% SDS polyacrylamide gel and the separated proteins were transferred onto a polyvinylidene difluoride membrane (Immobilon, Millipore). The CARP VIII protein was detected by incubating the membrane with primary rabbit anti-human CARP VIII antibodies (Santa Cruz Biotechnology) raised against amino acids 1 to 100 (human CARP VIII) and horseradish peroxidase-conjugated goat anti-rabbit IgG (H + L) antibody. The signals were visualized using a chemiluminescence system (Western Lightning; Perkin Elmer Life Science). For mRNA analysis of the MO2-injected 5 dpf morphant, larvae were homogenized along with wild type in trizol reagent, and mRNA was isolated according to the instructions in RNAeasyw Mini kit (Qiagen, Hilden, Germany). The cDNA was prepared according to the procedure described previously, and PCR-amplified products were electrophoresed on a 0.8% agarose gel, visualized and photographed.
Live image analysis of zebrafish phenotypes
Gross morphology was analyzed by light-field microscopy. Typically, 10-20 CA8-MOs injected larvae were screened per MO experiment, with a similar number of matched controls tested. Larvae were first anesthetized using 5% Tricaine in embryo medium and embedded in 17% high molecular weight methyl cellulose in 15 × 30 mm transparent polypropylene Petri dish [for taking images of the developing larvae starting from Day 1 to Day 5 using a Lumar V1.12 fluorescence stereomicroscope attached with a camera and with 1.5× lens (Carl Zeiss MicroImaging GmbH, Göttingen, Germany)]. The images were analyzed with AxioVision software versions 4.7 and 4.8.
Behavioral analysis of 5 dpf CA8 knockdown zebrafish larvae Larvae were tested for behavioral consequences due to the CA8 knockdown by measuring the swimming pattern at 5 dpf. Control (uninjected) and CA8 knockdown larvae were raised in embryo medium and, after 5 dpf, screened for swimming patterns. Fully developed larvae were arrayed (5 per well) in a 15 × 30 mm one-well Petri dish containing embryo medium and placed on a light stage with a transmitted light source. The larvae were allowed to acclimate to the dish for 2 min, and the movement patterns were observed for 10 min, while simultaneously tracing the movements of the fish. Similarly a 30 s movie was recorded for each group using a Lumar V1.12 fluorescence stereomicroscope (Carl Zeiss MicroImaging GmbH) and AxioVision software versions 4.7 and 4.8. Each experiment was repeated a minimum of three times.
Histochemical analysis of 5 dpf uninjected and CA8 knockdown larvae For histochemical analysis, 5 dpf zebrafish larvae were washed with PBS, fixed with 4% PFA in PBS for 3 h at room temperature, transferred to 70% ethanol and stored at 48C before being embedded in paraffin. The paraffin-embedded samples were cut into 5 mm slices.
The fixed sections were deparaffinized in xylene, rehydrated in an alcohol series and histologically stained with Mayer's hematoxylin and Eosin Y (both from Sigma-Aldrich). After dehydration, the slides were mounted with Entellan Neu TM (Merck, Darmstadt, Germany), examined and photographed using a Nikon Microphot microscope (Nikon Microphot-FXA, Japan). All of these procedures were carried out at room temperature.
TUNEL assay on whole mount larvae
The whole mount morphant and control larvae were sectioned, and TUNEL assays were performed using a QIA39 FragEL TM DNA Fragmentation Detection Kit, Fluorescent-TdT Enzyme (Merck Chemicals Ltd., Nottingham, UK). The zebrafish larvae were fixed with 4% PFA in PBS for 3 h and transferred to 70% ethanol before being embedded in paraffin and sectioned. Proteinase K-treated whole larvae or deparaffinized sections (5 mm) of larvae were incubated with the TdT enzyme followed by incubation with anti-digoxigenin. The fluorescein, generated as intense signal, was detected by fluorescence microscopy.
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Electron microscopic analysis
Five-day-old zebrafish larvae were fixed overnight with 2% glutaraldehyde, 2% formaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 at +48C and post fixed with 1% reduced, buffered osmium tetroxide for 1 h at room temperature. After dehydration with a graded ethanol series, the specimens were epon-embedded into TAAB embedding resin (TAAB Ltd., UK). Semithin sections were cut and stained with Toluidine Blue for light microscopy analysis (Axiophot, Zeiss Lumar V.12, Thornwood, NY, USA equipped with an Olympus DP70 digital camera). A suitable area was then selected for ultrathin sectioning, and sections were collected on pioloformcoated single-slot copper grids and post stained with uranyl acetate and lead citrate. The resulting sections were analyzed using a transmission electron microscope (Tecnai 12, FEI, Hilsboro, OR, USA) operated at 80 kV, and images were acquired with a MultiScan 794 1K × 1K CCD camera (Gatan, Pleasanton, CA, USA). In all comparisons, at least six larvae for each category were examined.
